Spin-transfer torques in a nanocontact to an extended magnetic film can create spin waves that condense to form dissipative droplet solitons. Here we report an experimental study of the temperature dependence of the current and applied field thresholds for droplet soliton formation, as well as the nanocontact's electrical characteristics associated with droplet dynamics. Nucleation requires lower current densities at lower temperatures, in contrast to typical spin-transfer-torque-induced switching between static magnetic states. Magnetoresistance and electrical noise measurements (10 MHz-1 GHz) show that droplet solitons become more stable at lower temperature. These results are of fundamental interest in understanding the influence of thermal noise on droplet solitons and have implications for the design of devices using the spin-transfertorque effects to create and control collective spin excitations.
I. INTRODUCTION
The spin-transfer-torque (STT) effect between itinerant electron spins and magnetization [1] [2] [3] is an important discovery in nanomagnetism because it provides a means of manipulating magnetization states without using magnetic fields. The angular momentum of a spin-polarized electrical current can be transferred to the magnetic moments of a magnetic material [4] . An important application of STT is magnetic random-access memory that uses the static states of bistable nanomagnets whose magnetization is oriented using spin-polarized currents [5] . The physics governing the transitions between static magnetic states under the STT effect in bistable nanomagnets, such as those incorporated in magnetic tunnel-junction pillars, are typically described through statistical mechanics [6] considering thermal fluctuations and effective energy barriers that depend on spinpolarized current. An increase in temperature leads to a faster rate of transition between magnetic states and, thus, to a reduction of their stability as well as a lower current density for STT switching [7] . The STT effect can also serve to create or modify dynamic collective excitations such as spin waves or dissipative solitons [8] . Tunable oscillators controlled by polarized currents have been proposed as building blocks for new spintronic devices [9, 10] . These collective spin excitations are, in general, noisy, and their stability is more complex than magnetic static states such as those in spin valve nanopillars because in addition to the competing magnetic energies, dissipation plays a role.
Spin currents in a nanometer-scale electrical point contact to an extended ferromagnetic thin film have been used to excite linear propagating modes [11, 12] and dissipative soliton modes [13] [14] [15] . Dissipative magnetic droplet solitons (droplets hereafter) are nonlinear confined wave excitations consisting of partially reversed precessing spins that can be created in films with perpendicular magnetic anisotropy (PMA) through the local suppression of the magnetic damping [16] . Droplets have been experimentally created using the STT effect in nanocontacts to PMA films [17] [18] [19] [20] [21] [22] [23] , and droplets are a particular case of STToscillators. Recently reported experiments have shown that the stability of these collective excitations is limited by the appearance of drift instabilities, which were attributed to the disorderlocal variations of the effective magnetic field [21, 24] . Wills et al. [25] identified theoretically an intrinsic deterministic linear instability and thermal fluctuations as additional instability mechanisms.
In this study, we report temperature-dependent measurements of the thresholds for droplet-soliton excitations induced by spin-polarized currents. We map the conditions in applied field and electrical current that allow dropletsoliton formation as a function of temperature. We find that lowering the temperature stabilizes the droplet states. A smaller current density is also, required to create and sustain droplet states at lower temperatures. Additionally, we observe that the temperature enhances the electrical noise associated with droplet-soliton dynamics, which correlates with a lower dc step change in nanocontact resistance when a droplet forms. The electrical noise and resistance are, thus, parameters that can be measured to characterize droplet stability.
II. EXPERIMENT DETAILS
The samples we study are nanocontacts (150 nm in nominal diameter) to a magnetic bilayer structure consisting of a free layer (FL) composed of cobalt (Co) and nickel (Ni) with PMA and a polarizing layer (PL) of Ni 80 Fe 20 (permalloy) with in-plane magnetization [20] [see Fig. 1(a) ]. The layer stack composition is 3Taj50Cuj10Pyj10Cuj ð0.2Coj0.6NiÞ × 4j0.2Coj3Pt (thicknesses in nanometers) and is deposited on oxidized silicon substrates using a combination of magnetron sputtering and e-beam evaporation within the same ultrahigh-vacuum chamber. The FL and PL are magnetically decoupled with a 10-nm-thick copper (Cu) layer. We characterize the layers using magnetometry and ferromagnetic resonance spectroscopy [26] . The FL has an effective anisotropy field of μ 0 H eff ¼ μ 0 ðH K − M s Þ≃ 0.25 T, indicating a strong PMA. The PL is a soft magnetic material with a saturation magnetization of μ 0 M s ≃ 1 T, and its magnetization lies in the plane in the absence of an applied field. We use e-beam lithography to define nanocontacts with diameters ranging from 70 to 200 nm in resist. We then transfer the resist pattern into a 50-nm-thick SiO 2 layer deposited on the magnetic films using reactive ion etching to create the nanocontact opening to the magnetic layer. The resist is removed, and a top electrode is deposited into the opening. The overall bottom electrode and top electrode pattern is suitable for both dc and high-frequency (up to 40 GHz) electrical measurements.
The electrical response of the nanocontact depends on the relative orientation of the FL's and PL's magnetization due to the giant magnetoresistance (GMR) effect. A low resistance value corresponds to the layer magnetizations being parallel (P), whereas a high value corresponds to an antiparallel (AP) alignment; the overall normalized magnetoresistance is, thus,R 0 ¼ ðR AP − R P Þ=R P , where R AP;P is the resistance of the nanocontact with AP and P magnetization states. At large perpendicular applied fields, H > M s , the PL magnetization is saturated in the field direction, resulting in a P state with a minimum value for the resistance of the nanocontact. When a droplet state forms in the FL, the magnetization (partially) reverses, and an increase of the resistance is expected. The resistance change will be the largest,R 0 , when the spins in the droplet are completely reversed and the droplet fully occupies the nanocontact region. At small applied fields H < M S , the PL magnetization has only a component in the direction of the FL magnetization, which results in a linear decrease of the nanocontact resistance with the applied field; droplet formation will still produce a change in resistance, this time, proportional to the magnetization component of the PL in the perpendicular direction. Precession of the inplane component of the FL magnetization results in an oscillating resistance and consequently a voltage response in the microwave range. We note that this voltage signal appears only for fields lower than the saturation field ≃1 T of the PL (i.e., when the polarizing layer has a component of magnetization in the film plane) and vanishes when the PL is saturated in the same direction as the FL magnetization. Representative high-frequency noise spectra versus dc current of our samples at room temperature are shown in Appendix A. A low-frequency signal with a characteristic time scale of hundreds of megahertz has been recently measured [21, 23] in droplet states and has been associated with center-of-mass droplet motion, such as the droplet drifting outside the nanocontact region.
In Fig. 1(b) , we plot a measured magnetoresistance curve [17, 19, 20 ] at a fixed current of 27 mA ramping the perpendicular applied field from high to low field at a fixed temperature of 150 K. This shows first the creation (at 1 T) and then the annihilation of the droplet state (0.4 T). Figure 1 (c) shows a measured droplet stability map in magnetic field and current space [21, 23] built from magnetoresistance curves measured at different applied current at a fixed temperature of 150 K. The no droplet state is plotted in gray and corresponds to a lower resistance state, whereas the green area represents the droplet state, a higher resistance state.
In order to study the temperature dependence of the dc and ac resistance, we wire bond our nanocontact to sample holders capable of transmitting microwave signals up to 4 GHz and introduce them into a cryostat that allows variations of temperature from 2 to 350 K and bipolar fields up to 9 T. We are able to vary the angle between the film plane and the applied field by rotating the sample holder. We use a current source and a voltmeter to measure the dc-resistance response and a spectrum analyzer to study the spectral composition of the electrical noise of the nanocontact. A bias tee separates the dc and ac components of the signal. The resistance measurements allow us to determine the relative orientation of the magnetization between the FL and PL via the GMR effect. The experimental results shown in the following are done with a magnetic field applied perpendicular to the film plane. We note that the droplet states can be affected by Joule heating [7] , especially the FL precession [27, 28] . We, thus, obtain our data by always keeping the electrical current constant and sweeping the magnetic fields.
III. RESULTS AND DISCUSSION
We first study the creation and annihilation of the droplet through dc measurements of the magnetoresistance. Figure 1 (b) shows the data at T ¼ 150 K with decreasing applied magnetic field (the field is swept from −3 to 3 T and back). At zero applied field, the PL and FL are orthogonal, and current through the nanocontact that is polarized in the direction of the PL creates a torque that averages to zero over one precessional cycle. As the magnetic field increases, the PL magnetization tilts and increases the electrical current's spin polarization in the direction of the FL magnetization; eventually, the STT effect on the FL compensates the damping and allows for the nucleation of a droplet. Larger fields ultimately destabilize and annihilate the droplet, favoring an alignment of the two layers' magnetization in the direction of the applied field. As we sweep the field down back to zero, the droplet nucleates and annihilates at similar field values as in the sweep up, showing hysteresis in some cases [17, 20] , which indicates stability of the droplet states (see Appendix B for a sample with pronounced hysteresis).
We measure the stability maps of the droplet as a function of temperature. Figure 2 shows the field and current values that allow for droplet-state formation at different temperatures (from 50 to 250 K). We observe how the region of droplet stability increases as the temperature is lowered, indicating that smaller current densities are needed to create and sustain droplets at lower temperatures. The measurements of a different sample are presented in Appendix B in the range of 2 to 350 K.
The boundaries determining the region of droplet existence present a minimum current at a particular value of applied field (below that current value, the droplet cannot be generated regardless of the field). An analytic prediction for the variation of the onset current as a function of the applied field is not available because of the sample's orthogonal geometry (i.e., the PL perpendicular to the FL in zero applied field). Hoefer et al. [16] provided an expression for the minimum sustaining current in the case of having a PL always magnetized normal to the film plane that was proportional to the damping parameter and to the precessing frequency-that is also proportional to the applied field. However, in our samples, we need an applied field larger than approximately 1 T to ensure the PL magnetization is normal to the film plane. At fields that do not completely align the magnetization of the two layers, the degree of spin polarization of the electrical current in the direction of the FL plays an important role. The polarization degree depends on the magnetization component of the PL normal to the film plane, and the magnetization is proportional to the applied field. Thus, the onset current has an inverse dependence with the applied magnetic field at low fields, as reported in several experimental studies [19, 20, 23, 29] . Chung et al. [23] recently used an expression for the onset current as a function of the field that accounts for the effect of a PL that is not aligned with the FL. Their approximation for the onset current as a function of the applied field summarizes the previous discussion; its derivation is based on the Slonczewski critical current condition [30] in a material with PMA and consists of a term proportional to the applied field that dominates at large fields and another that is inversely proportional to the same field that dominates at lower field values,
Our data fit poorly to such expression (see Appendix C), but instead they fit well when we consider a shifted value for the applied field, H → ðH − H 0 Þ, with μ 0 H 0 ≃ 0.27 T, which matches with the anisotropy field of the FL. Figure 2(a) shows the fits to the data (see
We observe that smaller currents are required to create droplet solitons at lower temperatures. As a result, there is also an increase in the maximum field at which droplet states occur. We plot these two indicative quantities in Figs. 2(b) and 2(c); the onset current with a fixed field of 1 T and the onset field (sweeping down from large fields) at a fixed current of 30 mA. Notice that the changes become more pronounced as the temperature increases and seem to saturate when it decreases.
We characterize the overall change in resistance between the P and AP states at each temperature using magnetotransport measurements at small applied currents. The sample resistance varies with the temperature and the total MR changes as well. Figure 3(a) shows the normalized MR curves measured at different temperatures when the magnetic field is swept up from zero to 1.6 T. The overall resistance changes at each temperatureR 0 ðTÞ are plotted in the inset of Fig. 3(a) . The green curve in Fig. 3(a) , for instance, shows a MR curve measured at 32 mA and 150 K; we can see a step increase in resistance at 0.3 T corresponding to the creation of the droplet and a second step (decrease) at 1.18 T corresponding to the droplet annihilation. At temperatures above 150 K, the MR curves show an intermediate state between the first step decrease at 1.2 T and a second step decrease at 1.5 T that indicates the presence of a partially reversed magnetization state in the nanocontact.
The MR curve measured at 150 K is plotted in Fig. 3 (b) along with curves measured at other applied currents but at the same temperature, and we see that the onset and annihilation fields vary as in Fig. 2 . We observe that within the high-resistance states (droplet states), the resistance fluctuates with the applied field indicating different droplet configurations [20] that are reproducible at different applied currents [see Fig. 3(b) for fields between 0.4 and 0.8 T]. However, when varying the temperature, we also observe, in addition to the resistance fluctuations, a decrease in the overall resistance change with increasing temperature. We, thus, confirm that the increase in temperature reduces the effective amount of reversed magnetization either because the droplet state becomes smaller than the nanocontact or because on average it spends less time in the contact region, such as due to drift instabilities [21, 25] . In Appendix C, the evaluation and the analysis of the overall change in the MR in different devices with the same layer stack is shown.
In order to investigate the effect of the temperature on the droplet dynamics, we measure the electrical noise at frequencies below 4 GHz with a spectrum analyzer at the same time we measure the dc resistance. We associate the electrical noise signal with motion of the droplet soliton beneath the nanocontact; the low-frequency noise signal is present when a droplet state forms [21, 23] . The electrical noise signal is mostly a 1=f type [see Fig. 3(d) ], but in some cases, it is accompanied by a resonant peak at frequencies of the order of hundreds of megahertz [21] . We observe the appearance of a low-frequency signal (electrical noise) when the sample is in a droplet state. Figures 3(a) and 3(c) show simultaneous measurements of the dc resistance and the low-frequency spectral signal, which is averaged between 100 and 500 MHz at each magnetic field [see Fig. 3(d) for frequency sweeps at a given field]. We can compare the MR curves at a fixed current of 32 mA and the corresponding low-frequency signal at five different temperatures. At 250 K, we observe that when the droplet develops at 0.35 T, there is an increase in the dc resistance and a peak in the low-frequency signal. As the field is swept up, the droplet state stabilizes, and we observe a decrease in the low-frequency signal (field values between 0.5 and 0.8 T). As we continue with the field sweep, the dc resistance slightly decreases, and the spectral signal increases indicating additional dynamics in the droplet state. A further increase of the applied field eventually annihilates the droplet state. We note that the small changes in the low-frequency signal within the droplet state as a function of the applied field shown in Fig. 3(c) are reproducible every time we sweep the field. We also observe in Figs. 3(a) and 3(c) that as the temperature is lowered, the droplet states show a larger dc signal and a decrease in spectral noise indicating a higher stability; such an effect is clearly seen at applied fields around 1 T.
We, thus, observe an evolution of droplet states, both in dc resistance and in the electrical noise, as we sweep the field. There is a correlation between the power level of the low-frequency signal and the dc-resistance signal at different temperatures; droplet states giving a large dc resistance generally produce a smaller low-frequency spectral signal. We note that the onset of droplet solitons at low fields is always associated with high levels of electrical noise and that droplet states that present only fractional variations of the dc resistance, for instance, the MR curves in Fig. 3(a) for 50, 100, or 150 K above 1.2 T, do not present measurable electrical noise, suggesting the corresponding states have little or no droplet motion. We note here that we observe variations in the electrical noise level-and, consequently, in the value of the dc signal-from sample to sample, which points toward the importance of defects and inhomogeneities in the nanocontact.
IV. CONCLUSION
Our results show that thermal fluctuations have a significant effect on the dynamics of STT-induced droplet solitons and demonstrate that the temperature can be a means of controlling droplet instabilities and droplet dynamics. Thermal effects must, thus, be considered in applications of such solitons. A first consideration is that lowering the temperature improves the stability and lowers the required energy to create and sustain droplet solitons.
Another consideration is for those cases where less stable states are wanted; for instance, Maiden et al. [31] described how to use magnetic droplet solitons to communicate or transmit information, which requires moving droplet solitons. The same concept might apply to STT-induced dynamical Skyrmions [23] . The temperature effects also have to be taken into account for applications based on STT oscillators that exploit the high nonlinearity and their stochasticity-such as synchronizing STT oscillators through noise [32, 33] . As an example, STT oscillators have been proposed as key elements in neuromorphic computation [33] , and recently an experimental study has shown how to build a device that performs spoken-digit pattern recognition [34] . In sum, applications involving magnetic droplet solitons will require a detailed understanding of their noise-induced dynamics. 
APPENDIX A: HIGH-FREQUENCY CHARACTERIZATION
The samples we use in this experiment have the layer stack described in Ref. [26] and are fabricated using the same nanofabrication process as the ones published in Ref. [21] , where high-frequency data were presented and discussed. Here we present data on the studied samples (150-nm-diameter electrical contacts) measured at room temperature with high-frequency (ground-signal-ground) probes (Picoprobe ® from GGB Industries). Figure 4 shows high-frequency spectra at a fixed applied current of I ¼ 30 mA at different values of the applied field. Two insets plot a map of high-frequency spectra measured at fixed values of the applied field. We observe that as the current increases, the frequency increases (there is a blueshift). In some cases, we can see multiple peaks indicating that different droplet states occur. We note that with increasing applied field, the microwave signal vanishes because the magnetization of the polarizing layer saturates (≃1 T) perpendicular to the film plane in the same direction as the free layer.
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APPENDIX B: DATA ON DIFFERENT SAMPLES
Here we present data on a different sample fabricated on the same layer stack with an identical geometry. The sample is measured in a larger temperature range, although we do not measure the low-frequency signal (and this is the reason why these data are not presented in the main manuscript). Figure 5 shows the MR curves at different temperatures at a fixed current of 35 mA. As the field is swept up from 0, the droplet nucleates at small field values; when the field is further increased, the STT effect is no longer able to overcome the dissipation at higher applied field and the droplet annihilates. Sweeping the field back to zero creates the droplet state at lower field values compared with the annihilation of the sweep up, showing hysteresis, and in continuing to lower fields, it annihilates as the STT effect is too small to sustain the droplet state. For the sake of simplicity, our analysis is only of the annihilation of the droplet when sweeping the field up and creation when sweeping it down, i.e., in the high-field range, and we refer to the value of these fields as annihilation and creation fields, respectively. In the following, we report only the case of one polarity of the applied field, as the results with the other polarity are analogous.
A stability diagram with measurements in the temperature range from 2 to 300 K is shown in Fig. 6(a) . The curves separate the droplet state (at lower fields and larger currents) from the nondroplet state (at large fields and low currents). Colors from dark blue corresponding to 2 K to dark red corresponding to 300 K indicate the temperature at which the sample is measured. We plot only the creation points when sweeping the field from a large value down to zero because the values of the annihilation fields (when sweeping from 0 to a large field value) have a broader distribution, and, thus, the line separating one state from the other is not well defined. We also omit the onset and annihilation at lower fields caused by the loss of polarization in the current. Figure 6 shows the field values at fixed currents for both the onset [ In order to evaluate the change in the characteristic resistance associated to the droplet state at different temperatures, we must consider the intrinsic change in MR as a function of temperature. Thus, we measure the MR curves at a current value of −2 mA. The sign of the current is chosen to avoid excitations in the FL; i.e., it favors damping and stabilizes the FL magnetization. Moreover, a small value of 2 mA minimizes the STT, yet allowing for a measurement of the resistance. The top right-hand-side panel of Fig. 7 shows the measured MR curves at different temperatures. The step at small negative values visible in the MR curves is associated with the reversal of the FL in the direction of the external field, corresponding to the anisotropy field (the curves are measured by decreasing the magnetic field). From the MR curves, we calculate the MR value at each temperature as the overall variation of resistance normalized by the resistance value. The MR values at each temperature are plotted in the lower right-hand-side panel of Fig. 7 .
The variations in resistance coming from the change in the droplet state are, thus, normalized by the intrinsic MR value at that particular field value in order to remove any temperature dependence of the MR. The left-hand-side panel of Fig. 7 shows the temperature dependence of the normalized variation in resistance. A value of 1 means that the FL and PL magnetizations are antiparallel. As the temperature increases, the reversal decreases from almost full reversal at 10-50 K to approximately 70% at room temperature.
APPENDIX C: CURVE FITTING
The expression suggested by Chung et al. [23] for the onset current of the droplet soliton that accounts for the effect of a PL not aligned with the FL does not fit our data. Figure 8 shows the fitting of the data presented in the main manuscript using the expression where a, b, and c are the fitting parameters. We present two fittings considering either all the points [in Fig. 8(a) ] or only the points that represent the onset of a droplet soliton when sweeping the field from high to low values (μ 0 H > 0.6 T). The fits are poor and cannot capture the behavior of both large and small fields.
We can fit the data by considering a shift in the applied field, h − d instead of h, of approximately 0.27 T. Next, we analyze the evolution of the fitting parameters in the equation
as a function of temperature. We first consider all four parameters as free parameters. The values are summarized in Table I , and the same data are plotted in Fig. 9 .
We observe that parameter b is almost constant (this parameter matters only at low fields), and parameter c has also a small variation in temperature. Thus, we fix b ¼ 1.9 mA T and c ¼ 1.7 mA. The parameters are again summarized in Table II , and the same data are plotted in Fig. 10 .
We observe that parameter a, which indicates the slope of the line of the onset current (should be proportional to dissipation), increases considerably from 22 ma/T to almost 30 mA/T. Additionally, parameter d that matters mostly at low fields, also increases about 10% in temperature. 
